Introduction
This analysis provides a conceptual model for the evaluation of the economic usefulness of improved animal identification systems in reducing the consequences of foreign animal diseases (FADs). All countries are concerned with the prevention and control of FADs. Accounting for the benefits attributable to improved animal identification systems during FAD outbreaks captures the principal benefits of improved animal identification systems. These benefits include limiting the spread of a FAD, enabling faster traceback of infected animals, limiting production losses due to disease presence, reducing the costs of government control, intervention and eradication, and ultimately minimising potential trade losses. Trade effects are an important aspect of the benefits of animal disease control. The Uruguay Round of the General Agreement on Tariffs and Trade increased the focus on the international trade aspects of agriculture. With the reduction in tariff-and quota-based barriers to trade, regulations designed to prevent the movement of disease agents into new areas now play a larger role in trade of livestock and livestock products (4, 6, 17, 24) .
Improved animal identification systems offer many other potential benefits, beyond the ability to control a FAD incursion. Improved animal identification can reduce the economic consequences of endemic animal diseases that are already in an eradication phase. Additional safeguards in the animal food supply chain help to promote consumer confidence in the national livestock industry (17) . Improved animal identification systems may also contribute to substantial Rev. sci. tech. Off. int. Epiz., 2001, 20 (2) , Benefit-cost analysis of animal identification for disease prevention and control Summary Individual animal identification is an important consideration for many countries to improve animal traceback systems. The analysis presented by the authors provides a conceptual benefit-cost framework for evaluating the economic usefulness of improved animal identification systems designed to reduce the consequences of foreign animal diseases (FAD). For cattle in situations similar to those found in the United States of America, results show that improved levels of animal identification may provide sufficient economic benefits, in terms of the reduced consequences of FAD, to justify the improvements. In contrast, the results of similar studies in swine show that the economic benefits of the reduced FAD consequences are not sufficient to justify improvements in animal identification systems. Vertically integrated industries, in which animals have only one owner in a closed system from birth to slaughter, may not require individual animal identification for traceback purposes. However, additional benefits, not quantified in this analysis, could contribute to favourable benefit-cost ratios for improved identification in certain sectors of the swine industry.
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Animal identification -Benefit-cost -Disease control -Economics -TraceabilityTraceback -Trade. W.T. Disney (1) , J.W. Green (1) , K.W. Forsythe (1) , J.F. Wiemers (2) & S. Weber (1) (1) Center for Animal Disease Information and Analysis, Centers for Epidemiology and Animal Health, Veterinary Services, Animal and Plant Health Inspection Service (APHIS), United States Department of Agriculture (USDA), 555 South Howes, Suite 300, Fort Collins, Colorado 80521, United States of America (2) National Animal Identification Co-ordinator, Animal Health Programs, Veterinary Services, Animal and Plant Health Inspection Service, United States Department of Agriculture, 2100 S. Lake Storey Road, Galesburg, Illinois 61401, United States of America little attention to economic costs or impacts. However, increasingly more sophisticated systems require substantial investments for which the economic feasibility is not selfevident. For sound decision-making, information on the epidemiological and economic consequences of new systems is essential, as is the evaluation of current systems in the light of new and developing animal industry practices. This paper focuses on the implementation of conventional visual identification systems. Automated systems generally provide for remote/electronic reading. These systems will be necessary to obtain the production efficiencies required for marketing programmes emphasising organically-grown, hormone-free, or other special product qualities demanded by consumers.
Analysis strategy
A benefit-cost analysis of animal identification systems for FAD eradication and control programmes is extremely difficult. Benefits are uncertain and often not quantifiable. Even identifying the various range of benefits is difficult. These benefits depend on uncertain and variable future disease events, environmental conditions and susceptible hosts. Epidemiological models must be used to generate estimates of various states of nature for a variety of possible scenarios. This uncertainty and variability must be addressed and then reflected in the resulting economic impact values. The methods employed in this benefit-cost analysis attempt to take into account this uncertainty and variability (3) .
The strategy for this analysis follows several steps which are outlined below to give the reader an overview of the analysis. The methodology is described more fully in the respective sections of the paper.
Firstly, previous research on animal identification systems is reviewed (1, 7, 19, 22, 30) . This includes a description of the current animal identification systems in the United States of America (USA). Secondly, Federal animal health managers in the USA were surveyed to evaluate the traceback characteristics of animal identification systems in the country. The results of this survey are compiled and used as inputs for a series of epidemiological disease spread simulations.
Simulations are developed to reflect the spread of foot and mouth disease (FMD), given the results of the professional survey as to how each animal identification level affects the ability to traceback infected and suspected animals, and thus limit disease spread (12) . Economic parameters are attached to measure consequences for each simulation. Economic results of simulations are combined to compare the decline in consequences between low levels of animal identification and high levels of animal identification. Those economic differences are considered the benefits of improvements in animal identification systems. producer gains from improved genetics and carcass quality, herd certification and premium prices for products, if improved animal identification systems allow the benefits of nonhomogenous superior products to be traced to superior animal management practices.
The results reported below underestimate the full potential benefit, as these additional types of benefits, as noted above, are not included. The benefit-cost ratios for improved animal identification systems that are developed in this analysis form a 'floor' for the true benefit-cost ratios. This analysis is not all encompassing, but serves as a useful basis for discussion that will help to direct future research efforts in the field of animal health economics and may serve as a model for other countries to consider when evaluating the benefits and costs of animal identification.
Purpose of animal traceback systems
Animal traceback systems are essential for the control and eradication of animal diseases and the elimination of contaminated animal products. An improved animal identification system alone will not reduce the risk of initial exposure to a FAD, but can directly reduce the consequences of that exposure. An animal identification system can help to reduce the time required to locate infected animals, thereby reducing the opportunities for exposing other susceptible animals and the consequences of these additional exposures. Due to recent advances in technology, traceback systems have become more sophisticated. Many systems now include individual animal identification.
The principal purpose of traceback systems in disease prevention and control programmes is to identify other animals exposed to the disease agent. This is accomplished by collecting reliable and up-to-date information on movements, locations and contacts of animals with other animals and with the human population.
Rapid tracing of potentially infected animals, herds, or contaminated products is an essential initial step for rapid control and eradication of a FAD outbreak. Animal identification systems, when effective and working properly can facilitate such activities (21) . Animal identification systems also help to foster participation of producers or industry organisations in the eradication of endemic diseases. These systems help to reassure consumers of animal products that these products are safeguarded from both perceived and real food safety threats.
Much of the published research on animal identification and rapid traceback systems has been of a technical nature with Similarly, costs are determined by comparing costs of higher levels of animal identification systems with costs of lower levels of identification systems.
The resulting benefit-cost ratios are determined stochastically to capture the variability and uncertainty associated with disease outbreaks. The benefits are based on an assumption that a single primary FMD outbreak will occur in the USA over a 50-year time frame. A further assumption is that this outbreak is as likely to occur at any given point within this time frame, as it is to occur at any other given point within the time frame. In other words, the outbreak is assumed to be as likely to occur tomorrow as it is 10 years from now, 50 years from now, or at any other time in the next 50 years. This assumption of one primary outbreak in a 50-year time frame implies that the probability each year of a primary FMD outbreak occurring is 0.02. In this stochastic environment, if no outbreak occurs, then the benefits are zero, but costs continue to be incurred on a yearly basis.
At present, no exhaustive risk analysis has been conducted to determine the actual annual probability of a primary FMD outbreak occurring in the USA. Additional detailed research would be required to accurately estimate the actual probability of FMD occurring in the USA, or in other countries that may be considering improvements to animal identification systems. This research is beyond the scope of the current study, but the time frame of 50 years has been chosen for illustrate purposes, based on the following observations: -the last outbreak of FMD in the USA occurred in 1929; a time frame of at least 72 years. The global and domestic animal health situation has changed substantially since this last outbreak -recent outbreaks of FMD in Europe have raised concern over the probability of an outbreak in the USA 
Background

Economics of animal health and identification systems
Animal health economics is a relatively new discipline which is working to develop a framework of concepts, procedures and data to support decision-making in animal health management. Research has dealt primarily with quantifying the financial effects of animal disease, developing methods for optimising decisions affecting individual animals, herds or populations and determining the benefits and costs of disease control programmes (5, 11, 13, 14, 20) .
Dijkhuizen et al. describe the four most common economic modelling techniques (partial budgeting, benefit-cost analysis, decision analysis and systems simulation) (5) . These are applied to three levels of veterinary decision-making, namely: the animal, herd and national levels. Dijkhuizen et al. stress the importance of the close link between economics and epidemiology for future development, as well as the need for an international exchange of models and procedures (5) . If the subject of research deals with long-term disease control programmes at regional or national levels, then benefit-cost analysis is typically the methodology of choice. This analysis makes use of all four of the above modelling techniques.
Animal identification in Belgium
A study of animal identification in Belgium supported the combined economic and epidemiological approach and provided useful information. Saatkamp et al. evaluated four national animal identification systems for the pig industry in Belgium using a computer simulation model (23) . The four systems were as follows: The study indicates that the following four factors were influential in economic decision-making with respect to animal identification systems:
-economic losses per epidemic of classical swine fever (CSF) -frequency of CSF epidemics -operational costs of the system -possibilities for additional uses of the system for purposes other than control of CSF.
Saatkamp et al. concluded that replacement of the EMD system with the EMDC system was economically justifiable (23) . As a result of high operational costs, electronic identification systems were economically feasible only in very specific situations (i.e. when a higher degree of additional use is possible or with a relatively high frequency of CSF epidemics). However, this situation will change as the cost of electronic identification systems decreases, the problems surrounding the use of these systems are solved and the value of international trade being placed at risk increases.
Economic losses in this situation in Belgium can be categorised as direct losses associated with control of the disease and indirect losses resulting from market disruption (bans on exports from Belgium by other countries). The economic losses due to restrictions imposed by other countries on exports from Belgium were a significant part of total economic losses.
The size of the quarantine zone was very important in this country. The zone affected the delineation of export-eligible regions, because of the complete ban on animal movements within the zone. Regionalisation reduced the likelihood of trade disruption when free movement and export were allowed outside the quarantine zone.
Transport bans and movement restrictions caused temporary shortages of supply and consequent price increases. After the lifting of restrictive measures and massive restocking in the previously quarantined area, a price decrease was observed when fattened pigs were ready for slaughter.
The principle factors in this study were the density of animals (economic losses per simulated epidemic were very significant in high-density areas), eradication in specific areas, transport bans in protection and surveillance zones, and additional preemptive removal of all herds within a 0.5 km radius around an affected herd. These factors are included in the disease-spread model described later in this paper.
Animal identification in the United States of America
The study in Belgium described above relates to swine only. At a minimum, evaluation of the benefits and costs of animal identification systems in the USA requires the assessment of these systems as they currently apply to both swine and cattle. Animal identification systems inherently require record keeping. This paper defines both the identification and recordkeeping systems currently in use in the USA.
Current national animal identification systems for the cattle and swine industries in the USA were implemented to support domestic animal disease eradication and control programmes. Identification devices may be applied at farms, feedlots, swinebuying stations or livestock markets. Animal records collected for the national eradication and control programmes are generated at vaccination events and surveillance testing at farms, markets and slaughter establishments. Programme records are kept on standardised databases maintained at the state or regional level. Summary records of programme activities are transmitted to national databases, but these data do not include animal identification. Many production units utilise herd identification and information systems for farm management. Production and sales records are maintained in various formats at farms, feedlots, swine-buying stations or livestock markets. In the event of a traceback, all of these records may be accessed.
The total cost of an animal identification system is related to both the identification device (e.g. tag) and the records of the identification that must be maintained. For example, a given identification device may be relatively inexpensive, but could require the animal to be restrained during application, thus increasing labour costs. Identification devices that are difficult and time-consuming to read may also increase labour costs. However, a more expensive device that can be read at a distance, without restraining the animal, may reduce labour costs. In modern systems, computerised records can expedite the data entry and retrieval process and help to reduce administrative costs (27) .
Currently, five primary identification levels exist for cattle at slaughter plants in the USA, as follows: -Level 1. No identification tag, paper trail only -Level 2. Back tag and paper trail -Level 3. Back tag, paper trail and unofficial bangle tag -Level 4. Back tag, paper trail and official ear tag -Level 5. Back tag, paper trail and brucellosis calf-hood vaccination ear tag.
The following four levels exist for swine: -Level 1. No identification tag, paper trail only -Level 2. Back tag and paper trail -Level 3. Back tag, paper trail and unofficial bangle tag -Level 4. Back tag, paper trail and official individual animal identification ear tag.
The paper trail is usually computerised (i.e. data from inspections or vaccinations are entered into a computerised database at multiple sites). Centralised, integrated access to these state databases at the national level is not currently available.
Back tags are intended for short-term identification. The tags are easily applied with glue and the animals rarely need to be restrained. The tags are retained for a few days to a week. Swine back tags have an average retention rate from farm to slaughter of approximately 20%. Cattle back tags have a much higher retention rate. Back tags are very inexpensive and difficult to alter. The tags are very easily collected at slaughter for traceback purposes.
Bangle tags are larger plastic ear tags which are fastened to the ear and usually hang down. These tags are more easily read from a distance than metal ear tags, but cost ten times more than metal tags. Application generally requires that the animal be restrained, but is easily performed with a minimum of training.
Ear tags are the most widely used method of farm animal identification in the USA. Metal-clasp type tags are the most inexpensive, but can only be read at very close range while the animal is restrained. Although retention is poor, recent refers to a specific class of animal in the USA; typically a cull cow going to slaughter, over two years of age and usually tested for programme diseases.
-Exercise 2: feedlot steer at slaughter that must be traced to the last farm of ownership. A 'feedlot steer' in this context refers to an animal that has always been destined for slaughter as a meat animal. The animal may be a cow or aster, but is not a breeding animal. The steer is born, raised, fattened and slaughtered, usually at an age of approximately two years.
-Exercise 3: adult swine at slaughter that must be traced to last farm of ownership. The term 'adult swine' in this context refers to a specific class of animal in the USA; a cull animal whose useful life as a breeder is over or that is being culled from the herd for some other reason.
-Exercise 4: market pig at slaughter that must be traced to the last farm of ownership. A 'market pig' in this context is an animal that has been born, raised and fattened for slaughter. The animal has not been considered for any other purpose and is usually slaughtered at a weight of approximately 200 lbs. Table I summarises the results obtained from the animal identification traceback survey. The numbers reported are the average of the responses for each exercise and identification level.
technology continues to reduce this problem. More modern tags are also more tamper-resistant. The tags are easily retrieved at slaughter for traceback purposes.
The cost calculations described later were based on level 1, paper-only records for animals at slaughter that did not have ear tags, back tags or individual animal identification, and level 5 (cattle) or level 4 (swine) animals with ear tags, back tags and paper records.
The professional survey
An animal identification and traceback survey involving nineteen Federal animal health managers was conducted to acquire basic inputs for the illustrative benefit-cost analysis described in subsequent sections of this paper. Each manager was presented with the above levels of identification in each of the following traceback exercises and asked to determine, for each exercise, how many days would be required to trace the animal, and the probability that the correct farm would be identified. Exercise 1 from the survey is presented in Figure 1 .
-Exercise 1: adult cattle at slaughter that must be traced to the last farm of ownership. The term 'adult cattle' in this context Suppose you find an adult bovine animal at slaughter that needs to be traced to the last farm of ownership. Fill in the table with your best estimates based on the experience in your area. Please be realistic in your figures. Our conclusions are only as good as the assumptions on which they are based Source: survey results from nineteen animal health managers at Federal headquarters or regional offices
Systems that incorporate forms of identification that are superior to a paper trail decrease the number of days required to complete a trace and increase the probability of identifying the correct herd. All exercises show that substantial improvements are achieved by using some type of tag rather than paper identification alone.
All the identification levels in Table I are currently used in the USA. In three out of the four exercises, half or more of the animals at the slaughter plant must be traced using paper only because no tags are present. Tamper-proof, permanent tags are essential for rapid traceback and to limit quarantine zones to a small area. Confidence levels for identifying the correct herd could also be improved, although many existing tag systems are near 100% confidence levels. The costs of animal identification devices are a small part of the cost of most identification systems.
The benefit-cost analysis framework
This section describes the methodology used to derive the benefit-cost analysis results. Table II is presented to assist the understanding of the various situations, scenarios and levels discussed in the following sections. Components in the process are briefly described.
Analysis steps
Determining benefit.
Step 1: the contagious disease spread model
The contagious disease spread model (CDSM) simulates the spread of disease from a FAD introduction. The CDSM incorporates a state transition algorithm with Monte Carlo simulation of direct contact, indirect contact and air-borne spread of a contagious disease agent. Parameters allow for moderating the spread in a simulated outbreak, based on the rates of contact. Optional mitigation strategies may also be simulated, including surveillance, slaughter of detected and contact herds and ring vaccination around detected herds. Adjustments to the mitigation parameters vary the rate of detection, onset and procedure for slaughter, onset of vaccination and size of the vaccination rings. The CDSM was developed based on earlier work simulating the spread of FMD (8, 10, 15, 25) . A complete documentation on the CDSM model will soon be submitted for publication by Schoenbaum and Disney.
A parameter in the model imposes increased effectiveness of animal identification system improvements on the simulation. This parameter is adjusted to reflect the different levels of traceback based on results of the professional survey (Table II) . Four traceback exercises incorporate four levels (for swine) or five levels (for cattle) of animal identification and are used to develop alternative scenarios for the CDSM. The first set of duration times and probability estimates in the description column of Table II were obtained from averages calculated from the surveys. The second set of duration times and probability estimates in the same column were necessary to create a curvilinear animal traceback curve for the CDSM. One point on the traceback curve is the origin, i.e. no animal has been traced at the time of disease discovery. A second point on the curve is the average traceback time and probability of correctness 98% maximum in 60 days (c) a) see previous descriptions of identification levels b) averages from survey c) sixty days is the upper limit to find the infected herd; the probability is half the difference between the average probability and 100%
Level: a method of animal identification system used in the United States of America Exercise: the realistic simulation parameters presented to managers to obtain information on the prevalence of alternative levels of identification present in their area, the time required to trace an animal and the probability of identifying the correct farm Scenario: the conversion of survey exercise results to inputs for the disease spread model. For example, Exercise 1 in the survey traced an adult cow from the slaughter plant to the last farm of ownership.
Results from Exercise 1 were combined with other inputs to create Scenarios 1 (level 1 identification system) and 2 (level 5 identification system) evaluated in the disease-spread model Situation: the combination of scenarios created to compare costs and benefits of upgrading identification levels. For example, Situation 1 evaluates the benefits and costs of increasing identification levels for adult cattle traced to the last farm of ownership from paper-only (level 1) to level 5 (back tag, paper trail and brucellosis calf-hood vaccination ear tag)
calculated from the survey (the first set in the description column). The third point (second set in the description column) represents the best result that can be obtained in 60 days. Feedback from managers surveyed suggested that if the animal could not be traced in 60 days, it would be futile to continue. The probability estimate in the second set of estimates was one-half the difference between the first probability estimate and 100%. Thus, it was assumed that if up to 60 days were allowed for the traceback, one-half of the remaining untraced animals could be traced to the last farm of ownership.
For each animal-type scenario, a CDSM simulation is conducted at animal identification level 1 and again at animal identification level 4 (swine) or 5 (cattle). The CDSM provides information about the duration of a simulated outbreak, the number of animals infected and/or destroyed and the number of premises infected. Results from these simulations provide input to the economic consequence model (ECM) component of the CDSM which produces estimated changes in economic consequences. These changes represent the benefit of the improvement in identification system for each animal type.
Step 2: the economic consequence model component of the contagious disease spread model
The economic cost of a disease outbreak is dependent on the duration of the outbreak and the methods used to control the outbreak. The ECM component of the CDSM uses a partial budgeting approach to measure the direct economic cost of the outbreak, the slaughter cost, additional surveillance costs and vaccination costs. Furthermore, the ECM component measures the indirect economic costs of trade losses due to restrictions on exports. Each cost is described below (2).
The ECM component also accounts for production impacts on affected livestock. Once the value of affected animals is calculated, additional impacts (due to downtime, efficiency, losses, etc.) are extremely small and are not further considered.
Average indemnification values are assumed to equal fair market value (FMV), these values are taken from emergency response simulation exercises (26) . Including the value of removed animals would constitute double counting, because the partial budgets already account for indemnity payments to producers based on FMV less salvage (which here would be FMV, since FMD carcasses are assumed to be destroyed).
Direct economic cost: slaughter cost
Slaughter costs are estimated, based on partial budgets for the removal, euthanasia and disposal of herds of infected animals. Government indemnification of animals surrendered and the cost of cleaning and disinfecting premises after the removal of animals are included. The parameters in the model can be adjusted to reflect various economic conditions and herd demographics in the area of the outbreak. For the purposes of this analysis, all economic parameters are held constant to focus the analysis on the effects of changes in FAD detection.
Direct economic cost: surveillance cost
Surveillance costs are based on partial budgets for diagnostic testing of suspect herds and for surveillance visits to infected, suspected and surrounding farms. Again, the parameters in the model can be adjusted to reflect economic conditions and herd/disease demographics in the area of the outbreak.
Direct economic cost: vaccination cost
Vaccination costs are based on partial budgets for the vaccination crew visiting the farm. In addition, variable costs per dose are imposed for each animal vaccinated. The parameters in the model can be adjusted to reflect economic conditions and herd/disease demographics in the area of the outbreak. The vaccination options were turned off in the scenarios analysed for this paper.
Indirect economic cost: gross trade losses
Trade losses occur when a trading partner refuses to accept imports from regions in which the outbreak has occurred. For example, when an outbreak of FMD occurs in a previously FMD-free region, the Office International des Epizooties (OIE) recommends the suspension of trade in FMD-susceptible animals and meat products for three months following the slaughter of the last FMD-infected animal. If vaccination is used, the OIE recommends that trade is halted until three months after the last vaccinated animal is slaughtered.
The ECM component captures the economic cost of trade loss by apportioning the average annual level of exports for FMDsusceptible animals and products (Table III) into equal daily amounts. The change in gross value of exports is used in this analysis to represent decreases in export loss plus other non-quantified benefits from improvements in the level of animal identification. This deviates from the economic trade theory commonly applied in benefit-cost analysis that measures the net effects of the loss of export markets (9, 18) . For example, as the product that would have been exported is maintained in the domestic market, prices fall, presenting a benefit to consumers who then increase consumption in the domestic market, offsetting some of the losses experienced by producers. Other relevant effects include disease-induced production inefficiencies and changes in the cost structure of producers across many sectors of agriculture. These effects and others would need to be captured along with net trade effects on producer and consumer surplus across the agricultural sector in a complete analysis of the effects of losing export markets. A complete evaluation of these effects is outside the scope of the current analysis, and so the gross value of exports is used herein for the purposes of an illustrative example.
Three stages of trade losses are calculated in the CDSM, as described below.
In Stage 1, exports of all FMD-susceptible animals and products are assumed to cease on the day the disease is detected. These exports do not resume until the last infected animal is removed (Stage 1 trade loss). Each iteration of the CDSM and ECM has an associated Stage 1 trade loss, determined by the number of days required to control the outbreak multiplied by the average daily export trade volume of FMD-susceptible animals and products.
In Stage 2, exports are assumed to remain suspended for three months following the removal of the last infected animals, in compliance with OIE standards. These Stage 2 trade losses are modelled as a constant (three months of average daily trade volume in FMD-susceptible animals and products).
In Stage 3, the period of export suspension recommended by the OIE standards from Stage 2 has elapsed. It is assumed that the time required to recover pre-outbreak export levels in FMD-susceptible animals and products (Stage 3 trade loss) is directly related to the duration of the outbreak.
The formula for Stage 3 trade loss is:
where D is the number of days an outbreak lasts, DL is the daily trade loss and TR represents a trade recovery coefficient that varies stochastically between 1.0 and 1.2. This formula allows trade to recover almost immediately if the outbreak is controlled rapidly, but could allow recovery to take years if the outbreak is longer.
Other factors, such as available substitute sources, other disease outbreaks, regionalisation and global economic conditions, affect market recovery but are not modelled in the current analysis. Uncertainty about market recovery is imposed by probability distributions on each iteration of the CDSM and ECM. Recovery of trade to pre-outbreak levels may take years.
The ability to rapidly detect and control disease outbreaks is directly dependent on animal identification. Direct economic costs are substantially influenced by the extent of the outbreak and the species affected by the disease. Stage 1 trade losses are also directly related to the number of days between disease detection and the removal of the last infected animal, thus making detection and traceback important factors. Stage 2 trade losses are independent of the extent of the outbreak, based on the fixed length of time described in OIE standards.
Step 3: statistical generalisation procedure
Economic consequence estimates are derived in a two-step generalisation process. In the first step, the CDSM model results are input variables into the calculation of direct costs, Stage 1 trade losses and Stage 3 trade losses for each CDSM iteration. This procedure was necessary for two reasons. Firstly, to compare scenarios with different numbers of CDSM iterations and secondly, to allow further analysis on the results of the CDSM model. The CDSM modelling procedure is currently a cumbersome, time-consuming process, and unequal numbers of iterations were originally completed for different scenarios with no further opportunity to re-run (recall that two scenarios are combined for each situation). All further analysis was completed in the @Risk framework (16).
In step 2, the procedure uses a discrete probability distribution to replicate those calculations in a distribution that can be simulated in the @Risk framework for further analysis. Appendix A contains the frequency data used in the generalisation procedure for each of the eight scenarios.
Step 4: combining the scenarios to measure benefits Table IV shows how economic costs were compared across animal species to derive benefits from improvements in animal identification. The benefits of an improved animal identification system are approximated by the reduction in economic costs of an FMD outbreak when the improved animal identification system is in place. farm of ownership a) refer to section entitled 'Animal identification in the United States of America' for definitions of range of data entries b) these costs were calculated based on the previous two columns and were used as the modes for the Pert distribution described in the text Determining cost.
Step 1: cost of the animal identification system
The situations analysed in this paper trace an animal from the slaughterhouse back to the last farm of ownership. The situation in Table II describes the type of animal and the endpoint of the traceback. The scenario describes the level of identification available to perform the traceback. The data entry numbers refer to alternative points in the lifetime of the animal when information about the animal might be entered into a database (29) .
Each data entry action is assumed to cost US$0.10. (A clerk is assumed to earn approximately $20,000 per year, approximately $10 per hour or $0.16 per minute; a record can be entered into a database in approximately 0.5 minutes.) Assuming a maximum of 11 data entry actions per animal, the maximum data entry cost for any animal is US$1.10. Fixed start-up costs are not included in this analysis because all of the animal identification levels discussed currently exist in the USA. Given this pre-existing infrastructure, additional start-up costs are assumed to be insignificant in the USA relative to the variable costs of implementing the various levels of animal identification improvement. For countries that may be beginning to implement an animal identification system, these start-up costs should be considered as an additional element of an analysis of this type. 
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Determining cost.
Step 2: cost distribution assumptions
Increases in costs associated with increased levels of animal identification are stochastically modelled as part of the benefitcost simulation. Figure 2 illustrates the distribution of the annual increase in costs associated with the higher level of animal identification (level 1 versus level 4 for swine, level 1 versus level 5 for cattle) used in the benefit-cost analysis. The calculation of these increases in cost is described in more detail in Table V . A Pert distribution incorporates variability and uncertainty into the estimates of annual cost (16, 28) . The Pert distribution is commonly used when the modeller has little data other than the mean, minimum and maximum (28) . The Pert distribution is often favoured over the more common triangular distribution when there is reason to believe that unobserved points between extremes and the mean follow a non-linear pathway. In the absence of data to the contrary (i.e. uncertainty), the authors always favour the non-linear Pert distribution to the closely related triangular (linear) distribution, because the former is less restrictive. Figure 2 shows results of the simulation process over 5,000 iterations for two of the animal identification situations. Minimum and maximum annual costs are imposed on the distribution at 50% below and 50% above the most likely annual cost described in Table V . This range helps to account for uncertainty about the costs of data entry due to differences in systems available on specific farms, economies of size, etc. Furthermore, the number of entries that are made under each scenario is unknown. The numbers reflected in Table V are most likely, but individual entries may vary substantially.
The benefit-cost ratio simulation
Benefit-cost ratios are simulated over 5,000 iterations in an @Risk procedure using distributions of benefits and costs as described above.
Costs are considered to be incurred yearly, as new animals enter the respective herds. These costs are expected to be repeated over the planning horizon of the animal identification system being evaluated. This stream of costs is discounted back to present value. Three planning horizons are considered, namely: 15, 30 and 50 years. Any improvement in an animal identification system has a finite effective life, after which obsolescence occurs. Horizons are intended to represent the time after which obsolescence occurs. Yearly simulated costs for each of the four situations are discounted back to present value over 15, 30 and 50 years.
Benefits are based on the probability of an FMD outbreak occurring at some point in the future. Given that a primary FMD outbreak will occur at some point within a 50-year time horizon, the probability of the outbreak occurring at various points in time is assumed to follow a uniform distribution. In other words, it is assumed that this outbreak, given that it occurs at all, is equally likely to occur in any given year. Once an FMD outbreak occurs, the benefit of the animal identification system is derived. Multiple primary outbreaks of FMD within the planning horizon, or additional primary outbreaks of other FADs would be expected to increase the magnitude of the consequences being simulated, thus increasing the benefits of improved animal identification beyond those measured here. Ignoring these additional potential benefits is a somewhat conservative approach to evaluating the benefits and costs of these improvements.
The benefits of the improved animal identification system could be realised in the first year, should an outbreak occur. Alternatively, the benefits could never be realised, if an outbreak fails to occur within the planning horizon (the useful lifetime of the animal identification system). The simulated benefits are allowed to occur at uncertain times in the future. An equal probability of an outbreak occurring over a 50-year time horizon is assumed on the benefits side of the simulation. (The year in which the first outbreak of FMD occurs is determined in the benefit-cost simulation for each iteration using the following @Risk formula: RISKUNIFORM (1,50) (16) . As mentioned earlier, this distribution assumes an equal probability of an outbreak occurring in any year over the next 50 years.) Effectively, when the 15-year planning horizon situations are simulated, at least one outbreak occurs in 30% of the 5,000 simulations. Similarly, when the 30-year planning horizon situations are simulated, at least one outbreak occurs in 60% of the 5,000 simulations. When the 50-year planning horizon situations are simulated, at least one outbreak occurs in all of the 5,000 simulations.
For each of 5,000 iterations, the benefit and cost simulations are combined to form the representative benefit-cost ratios. This analysis is repeated in a simulation for four situations across the three planning horizons. Results of the simulations are presented in the next section.
Results Table VI shows the resulting mean value for the benefit-cost ratios obtained from the simulation exercise, in addition to probabilities for benefit-cost ratios being greater than 1. For Situations 1 and 2, on average, an improvement in animal identification system from level 1 to level 5 is cost beneficial over all technological planning horizons, with average benefitcost ratios above 1.0 across all three planning horizons. In Situation 3, the mean ratio is only above 1.0 for the 15-year technology-planning horizon. The mean benefit-cost ratio in Situation 4 is slightly less than 1.0, even with the 15-year technological planning horizon. These mean results suggest the following:
a) for cattle in situations similar to those found in the USA, improved levels of animal identification may provide sufficient economic benefits in terms of reduced FAD consequences to justify the improvements. This is true even if technological change does not make the systems obsolete for 50 years b) in swine, results show that improved animal identification systems do not provide sufficient economic benefits in terms of reduced FAD consequences to justify the improvements.
Results from the 15-year planning horizon for Situation 1 show a 75% probability of the benefit-cost ratio being greater than 1. Similarly, simulation results from Situation 2 show an 86% probability of the ratio being greater than 1. Probabilities of ratios greater than 1 are 54% and only 37% for Situations 3 and 4, respectively. More detailed simulation results of benefit-cost ratios are shown in Figure 3 for the 15-year planning horizon.
Results for simulated benefit-cost ratios across the planning horizons are shown in Table VI . More detailed results are shown in Appendix B. Recalling that the difference in economic consequences between the lower and improved level of animal identification determines the 'benefit' for the benefit-cost ratio, results of which are described above, an examination of the underlying distributions of economic consequences associated with those benefits may be of interest to the reader. Distributions of the economic consequences for each scenario are presented in Appendix A. The bimodal character of these distributions is interesting to note. This character may be explained by the 'either/or' nature of the economic consequences associated with FAD introductions. Either the disease is contained sufficiently early to minimise the economic consequences, or the disease escapes early containment attempts, leading to a far greater level of consequences. An example of this type of bimodal distribution occurring in the real world is evident in the FMD epidemic affecting the EU in 2001. Early detection and containment efforts in the UK failed at the beginning of this epidemic. This failure resulted in a very high level of economic consequences as a result of the FMD introduction. More than 1,500 outbreaks have been reported to date in the UK. Conversely, at the time of writing, early containment efforts in France appear to have been successful, with only two outbreaks being reported.
The simulation results using improved animal identification systems are consistent with intuitive expectations about the effect of these improvements on the bimodal distributions of economic consequences. The second modes of the economic consequence distributions are far less pronounced, in addition to being shifted to the left, indicating a reduced magnitude of economic consequences. This type of change in the distributions is consistent with the idea that an improved animal identification system results in a lower frequency of high-level economic consequences. The lower frequency of high-level consequences represents the benefits of the system. Whether this reduced frequency of high-level consequences is sufficient to warrant implementation of such a system requires a comparison of these benefits with the costs of the system. 
Limitations
As with any evaluation, this analysis of the benefits and costs of animal identification systems is subject to certain limitations. The limitations described below represent areas of potential future research and analysis regarding animal identification systems.
The benefits of improved animal identification systems calculated in this study are based on an assumption that a single primary FMD outbreak will occur in the USA over a 50-year time frame. At present, no risk analysis has been conducted to determine the actual annual probability of a primary FMD outbreak occurring in the USA. The 50-year time frame used in this study is presented for illustrative purposes. Additional detailed research would be required to accurately estimate the probability of FMD occurring in the USA, or in other countries that may be considering improvements to national animal identification systems. The FMD virus could enter the USA through many different pathways. The pathways that represent the highest risks include contraband, illegal transhipments, garbage from boats and planes and illegal immigration. Accurate quantification of the probability of FMD virus entry through each of these various pathways would be a substantial undertaking that is well beyond the scope of the current study.
The purpose of the current study is to present a conceptual model, with an example application, of the evaluation of the economic usefulness of improved animal identification systems in the presence of FAD risks.
The current analysis focuses on the avoidance of FMD consequences as a source of the benefits of improved animal identification. The benefits of improving the animal health situation in the USA with regard to other FADs and endemic diseases could also be evaluated and would probably contribute substantially to the estimated benefits of improved animal identification. However, the trade effects of other diseases would not necessarily be cumulative for two reasons. Firstly, trade impacts of other diseases would probably involve the same trade as that affected by FMD in the current analysis. Secondly, the restrictions imposed by trading partners might not be as severe as those imposed for FMD if the disease is of lesser economic consequence, as is the case for many endemic diseases currently faced in the USA. Other substantial benefits may be found in increasing food safety and consumer confidence in this safety through the ability to rapidly trace sources of disease or contamination. These additional benefits are not quantified in this analysis.
The analysis uses the gross value of exports to represent trade loss. Other significant economic aspects of lost exports are not included in this measure of trade effects. For example, during a disease outbreak, when exports have been halted, large numbers of animals or large quantities of product are diverted to the domestic market, causing prices to fall, sometimes significantly. Lower prices have a positive effect on consumers and a negative effect on producers. The gross value of exports does not capture these effects.
The analysis uses a singular approach, based on the length of the FAD outbreak, to determine stochastically the length of time required to complete recovery of the previous trade flow following a loss of export markets. In fact, other world-wide supply and demand conditions, such as availability of competitors to fill trade gaps, frequency of disease outbreaks in competing markets, confidence in the veterinary infrastructures of all potential suppliers and the ability of a supplier to effectively regionalise when an outbreak occurs, are all examples of factors that play an important role in trade recovery. Further empirical research into the various aspects of market recovery is necessary to more accurately estimate the benefits that would accrue from reduced market recovery times.
Beyond the trade effects, the economic picture of a disease epidemic is complicated by the decrease in supply resulting from eradication of infected and exposed animals in quarantine zones. Even herds with no infected or exposed animals are affected by the imposition of quarantines while investigations are conducted as to the extent of disease spread. These bystander herds also suffer production losses due to the inability to conduct normal business operations. In addition, consumer demand for livestock products may be negatively affected by reports of disease outbreaks in the media. This negative consumer effect may be partially offset by the assurance provided by the improved animal identification system. These effects are not modelled in the current analysis.
A further factor not directly considered in the current analysis as part of the impacts of animal identification is the indirect and induced losses to the regional and national economies resulting from the loss of production and employment in the event of disease outbreaks. The gains to these economies resulting from eradication, vaccination and other employment activities have also been ignored. One might argue that using the gross value of exports adequately accounts for losses incurred in these areas.
Each of these areas is complex and requires additional data collection and modelling. Each represents important aspects of the evaluation of the benefits and costs of improving animal identification systems and would be valuable supplements to the current analysis.
Conclusions
Rapid tracing of potentially infected animals, herds or contaminated products is an essential step in the rapid control of a disease outbreak. Identification and recording systems, when effective, can facilitate rapid control and eradication. This analysis presents a benefit-cost evaluation of traceback and control of an infectious disease in animals using improved animal identification systems.
This analysis suggests that, for cattle in situations similar to those found in the USA, improved levels of animal identification may provide sufficient economic benefits in terms of reduced FAD consequences to justify the improvements. In swine, improved animal identification systems do not provide sufficient economic benefits in terms of reduced FAD consequences to justify the improvements. However, additional benefits, not quantified in this analysis, may be derived from other sources, such as the following:
a) savings in the cost of eradicating endemic diseases and other FADs (e.g. CSF)
b) gains to producers from improved genetics and carcass quality, herd certification and premium prices for products c) consumer confidence in the national livestock industry.
Market structure is an important factor in the discussion of animal identification systems. Vertically integrated industries, in which animals have only one owner from birth to slaughter in a closed system, may not require a national system of individual animal identification for traceback purposes. Typically, these enterprises internally track individual animal genetics, feeding, care and other environmental factors in the interest of enhancing profits. Traceback is enhanced by individual animal identification for other purposes in vertically integrated operations.
This analysis focused on the benefits and costs of traceback from the slaughter plant where the disease is discovered to the last farm of ownership. A favourable benefit-cost ratio was estimated in most of these situations. However, if traceback is required to the farm of birth, the complexity of traceback increases, the speed of the process slows and the accuracy is reduced. Disease spread becomes potentially greater, trade losses increase and the benefit-cost ratios would change.
The necessity of traceback to the farm of birth depends on the disease. For instance, FMD has a short incubation period, spreads rapidly and requires rapid traceback, but probably not to the farm of birth. Other diseases, such as scrapie and bovine spongiform encephalopathy, spread less rapidly and have less obvious symptoms, possibly creating a greater need to traceback to the farm of birth.
Clearly, a comprehensive evaluation of animal identification systems is an extremely complex undertaking. The primary goal of the current analysis was to establish a framework for this type of evaluation and begin a discussion on the use of benefitcost analysis in evaluating improved animal identification systems. This framework provides a basis for future research into the benefits and costs of animal identification systems. The authors hope that this paper will generate useful discussion that will result in additional research in this emerging area of animal health. Resumen La identificación de cada ejemplar por separado es un aspecto importante para que muchos países logren perfeccionar sus sistemas de rastreabilidad de animales. En su análisis, los autores presentan las bases conceptuales para evaluar la relación costo/beneficio, y por ende la utilidad desde el punto de vista económico, de sistemas de identificación animal más eficaces y concebidos para atenuar las consecuencias de enfermedades animales exóticas. En el caso de bovinos en circunstancias análogas a las que concurren en los Estados Unidos de América, los resultados demuestran que una identificación más exacta puede reportar suficientes beneficios económicos (menor perjuicio causado por enfermedades exóticas) como para justificar la implantación de mejoras. En cambio, los resultados de estudios similares realizados con porcinos demuestran que los beneficios económicos no bastan para justificar la introducción de sistemas más eficaces de identificación animal. Quizá los sectores productivos verticalmente integrados, esto es, con sistemas cerrados en los que cada animal tiene un solo propietario desde el nacimiento hasta la muerte, no requieran, a efectos de rastreo, sistemas individuales de identificación animal. Tales sistemas presentan no obstante otras ventajas complementarias, no cuantificadas en este análisis, que podrían invertir el signo de la relación costo/beneficio y hacer que la mejora de los sistemas de identificación resultara rentable en ciertos sectores de la industria porcina.
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I bénéfices générés par la réduction de ces maladies. En revanche, pour les porcins, les avantages économiques résultant d'une limitation de l'impact des maladies porcines exotiques ne suffisent pas à justifier l'amélioration du système d'identification. Les systèmes de production dans lesquels les animaux sont maintenus chez un seul et même propriétaire depuis leur naissance jusqu'à l'abattage, peuvent se passer de l'identification individuelle pour les besoins du traçage ascendant. Toutefois, l'amélioration de l'identification des porcs pourrait présenter d'autres avantages, non quantifiés dans cette analyse, et se traduire par un rapport coût-bénéfice favorable dans certains secteurs de la filière porcine.
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